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Pulse radiolysis: Pune University LINAC facility

P. Yadav, M. S. Kulkarni, M. B. Shirdhonkar and B. S. M. Rao

This note gives an account of the newly installed Pune University LINAC Facility (PULAF) for pulse radio-
lysis studies at the National Centre for Free Radical Research, Department of Chemistry, University of
Pune. The facility consists of a 7 MeV electron accelerator coupled with optical absorption technique. The
electron pulse widths can be varied from 10 ns to 3 s with corresponding doses of about 1 to 144 Gy per
pulse. The operation of both the LINAC and the detection systems is fully automated, with intersystem and
safety-locking arrangements. The spectra of some important radicals measured with the PULAF are pre-

sented.

Free radicals are species containing an
unpaired electron, which are unstable and
react quickly with other compounds in
order to capture the needed electron to
gain stability. Generally, free radicals at-
tack the nearest stable molecule, ‘stealing’
its electron. When the ‘attacked’ mole-
cule loses its electron, it becomes a free
radical itself, beginning a chain reaction.
Many well-known organic reactions such
as the anti-Markownikov addition, Birch
reduction, and preparation of a variety of
cyclic natural products involve free radi-
cals. Many polymerization reactions also
involve free radicals. In the upper atmo-
sphere, free radicals are formed mainly
due to the dissociation of chlorofluoro-
carbons by solar ultraviolet radiation or
by reactions with other stratospheric
constituents. Free radicals play an impor-
tant role in a number of biological pro-
cesses, some of which are necessary for
life.

Study of free radical reactions:
Time-resolved techniques

Free radicals are produced by several
methods such as the Fenton reaction, photo-
lysis, radiolysis, ozonation, sonolysis,
etc. and their reactions studied by different
techniques. The stopped-flow technique,
for example, is used for following the kine-
tics of reactions in solution, usually in
the millisecond time range, and many
biologically important reactions can be
investigated by this technique. The com-
monly used time-resolved methods for in-
vestigating the kinetics of reactive inter-
mediates are the laser flash photolysis
and pulse radiolysis techniques. This arti-
cle gives a brief account of the recently
established pulse radiolysis facility at the
Pune University and a few of its applica-
tions in aqueous systems. A great variety

of reactions can also be studied using or-
ganic solvents. However, this discussion
is beyond the scope of the present article
and the details can be found elsewhere'™®.

Laser flash photolysis

The laser flash photolysis technique is
used to probe reactions of reactive inter-
mediates. With the availability of powerful
lasers and extremely short pulse widths,
it is now possible to probe reactions on
ultrafast timescales. The biphotonic UV
absorption leading to photoionization of
solutes in aqueous medium has been ad-
vantageously used’ for the study of their
radical cations. The laser-driven accel-
erators providing electron pulses in pico-
second range are in now operation in
France, Japan and USA.

Pulse radiolysis

In pulse radiolysis the solution is irradia-
ted by a short pulse of high-energy elec-
trons generated by an accelerator to create
a significant concentration of free radi-
cals. This technique is mainly carried out
using dilute aqueous solutions, where the
energy is mainly spent in the production
of reactive species derived from the sol-
vent. Radiolytically generated free radi-
cals are mostly detected using optical
methods like absorption spectroscopy,
resonance Raman spectroscopy, Rayleigh
scattering, and also electrochemical techni-
ques such as conductivity detection and
polarography. Pulse radiolysis — ESR spec-
troscopy has also been used. The most
commonly used detection technique, how-
ever, is absorption spectroscopy.

Water radiolysis has been the subject
of a great deal of experimental and theo-
retical investigations. This arises from its
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simplicity and the wide variety of aqueous
systems that are available, and partly be-
cause water systems are of special inter-
est in radiation biology since the cell
consists of a large fraction of water. For
low LET radiation, water radicals con-
tribute to cellular inactivation and cause
DNA damage. Furthermore, development
of nuclear reactor technology required
the understanding of the mechanism of
water radiolysis. Water radiolysis pro-
duces almost equal number of powerful
oxidizing and reducing primary radicals.

H,0 —AVA *OH (2.7), 54 (2.6).
H' (0.55), H,0, (0.7), H (0.4). (1)

The values in the parenthesis are the G
values defined as the number of molecules
formed per 100 eV of energy absorbed.
For chemical applications, it is usually
desirable to have exclusive reducing or
oxidizing conditions. This can be effec-
tively achieved by facile manipulation of
experimental conditions.

Oxidising radicals

‘OH, N3, SO;” and X5~
(X = Cl, Br) radicals.

The hydroxyl radical is a powerful oxidant,
having a standard reduction potential of
2.7 V in acidic and 1.8 V in neutral solu-
tions. A system containing only the “OH
radical can be obtained by purging
the aqueous solution with N,O, when the
hydrated electron gets converted into the
*OH radical. The azide radical, N3
(E°=1.33 V)S, commonly used as a one-
electron oxidant, can be produced in the
system when N,O-saturated aqueous so-
lution containing NaNj is irradiated.
Similarly, the sulphate radical anion, SO}~
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(E° = 2.43 V)® can be produced by the
reaction of ez, and *H with K,S,0s. The
dihalide radical anion (X5, X = Cl, Br)
can be generated by adding excess of
halide salt to it, so that the diradical an-
ion is easily generated The redox poten-
tials for C157, Brs_ and I3 are 2.1, 1.7 and
1.1V respectivelyg. The superoxide radi-
cal anion, O3 can be produced using the
oxygenated formate solutions.

Reducing radicals

Hydrated electron and H atom. One of
the early discoveries employing pulse ra-
diolysis was the detection of hydrated
electron by Hart and Boaglo’“. Its reac-
tions are studied in N,-saturated aqueous
solutions containing rerz-butanol to ef-
fectively scavenge the "OH radical. The
reactions of the H® atoms can be studied
under acidic conditions, where the hy-
drated electron will be converted into H'.
In addition, the reducing CO5” radical
can be generated from the formate ion in
N,O-saturated solutions. The interesting
class of alcohol radicals can be generated
using appropriate alcohol solutions. For
example, the 2-hydroxy-2-propyl radicals
(E°((CH3),COYC'((CH3),OH) =—1.8 V) is
generated by the quantitative conversion
of the "OH radical under N,O-saturated
conditions containing isopropanol.

Peroxyl radicals

Peroxyl radicals play an important role in
many naturally occurring processes,
since almost all free radicals generated in
the biological systems react rapidly with
oxygen to form the corresponding per-
oxyl radicals. A convenient method of
forming peroxyl radicals in aqueous so-
lution is via the H-abstraction or addition
to the C=C double bonds to yield sub-
strate radicals which are converted into
peroxyl radicals in the presence of oxy-
gen'?. Similarly, pulse radiolysis was
also used to produce nitrogen oxides.

Advantages of pulse radiolysis

The pulse radiolysis method is ideal for
the selective generation of radical and
radical ions of interest using appropriate
solution conditions, because the rate con-
stants of a variety of reactions are well
documented in the literature®. The pre-
cise knowledge of the radical yields

600

makes the evaluation of kinetics easy and
the rate constants and the extinction co-
efficients of the transients can be deter-
mined with good accuracy. Furthermore,
transformation of the initially formed
transients can be studied by time-resolved
spectral measurements. Excited states that
cannot be populated, which are forbidden
by selection rules for photon interactions,
can be studied.

Measurement of the spectra of the
transients with low absorption coeffi-
cients is a drawback due to the poor sig-
nal-to-noise ratio. In such cases, signal
averaging of several pulses needs to be
done, which is time-consuming. The cost
of the laser flash photolysis facility is less
and it is easier to handle than the electron
accelerators with accompanying costs for
the building with radiation shielding and
maintenance. Therefore, the pulse radio-
lysis equipment is usually established as
a common facility for various users.

Applications of pulse radiolysis

The pulse radiolysis technique can be
used to determine several properties: (a)
absolute rate constants of the free-radical
reactions, (b) time-resolved transient ab-
sorption spectra, (c) molar absorptivities
of the transients, (d) yields of the free
radicals, (e) redox potentials of radicals
and (f) acid—base equilibrium constants
of free-radical species. Some of its impor-
tant applications have been in the synthe-
sis of nanoparticles, experimental evidence
for Marcus theory, generation of vitamin
E from its radical by vitamin C, etc.
Since we can generate specific oxidiz-
ing or reducing radicals, the reduction™"
of metal ions by the hydrated electron in
the synthesis of nanoparticles has been
an important application. Miller er al."*
employed pulse radiolysis to study the
correlation of free energy and rates of
electron transfer. Our recent work on the
reactions of various alcohol radicals with
a model azo dye has been correlated using

the Marcus equationls. The genelration16
of vitamin E from its radical by vitamin
C is a good example of the use of pulse
radiolysis.

Redox potentials and pK,values of
the transients

Redox potentials of the transient species
can be estimated by pulse radiolysis using
the equilibrium between the two species
using absorption measurements. The re-
duction potentials and absorption maxima
of some selected radicals are listed in
Table 1.

The pK, values of the transient species
can be measured by their interconversion
by varying the pH of the solution. The
inflection point of the plot of absorbance
as a function of pH for the two proto-
tropic forms gives the pK, value of the
transient.

Linear accelerator

The linear accelerator (LINAC) is an
evacuated cylindrical pipe that functions
as a waveguide for the accelerating field.
The electrons are injected in pulses into
this straight segmented waveguide (micro-
wave cavities) and accelerated by the os-
cillating polarity of the electric field of
an electromagnetic wave that travels down
the waveguide. High-energy electrons in
the range 10-20 MeV can be easily ob-
tained using LINAC, and such high energy
provides more penetrating power to the
electrons and also a uniform distribution
of the ionization events throughout the
sample.

Pune University Linac Facility

The first pulse radiolysis facility in India
was commissioned at the Bhabha Atomic
Research Centre, Mumbai about two de-
cades ago. The National Centre for Free

Table 1. Redox potential of some radicals/radical ions produced by pulse radiolysis
Radicals/radical ions Amax/NM Emax M cm™ E° (V) vs NHE
€ 720 18400 -2.9
Cly” 340 8800 2.1
Bry” 360 9900 1.7
N3 277 1400 1.33
(SCNo)™ 480 7600 1.31
0, 245 2350 -0.33
CO; 235 3000 -1.9
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Radical Research (NCFRR, University of
Pune, Pune) was established by the DAE—
BRNS as a national facility to cater to
the growing needs of researchers from
the university sector, BARC and other
premier national institutions. The Pune
University Linac Facility (PULAF) is a
7 MeV pulsed electron accelerator and
its schematic is shown in Figure 1.

The PULAF consists of a L3 (Litton)
M754 grided electron gun coupled with a
gun drive system designed by the Ameri-
can Science and Engineering (AS&E),
USA. The beam from the gun is focused
by a Stangeness lens coil and is then sent
into the electrostatic deflector. The unde-
flected beam enters an S-band (2998 MHz)
standing wave-guide coupled to the lin-
ear accelerator section with 17 cavities
that is 80.8 cm long. This section is pow-
ered by a 26 MW (2998 MHz) magne-
tron with a circulator providing isolation.
The pulse repetition rate is variable from
37.5 to 250 pps. The beam is confined in
the accelerator section using four large
Helmholtz coils that encompass the ac-
celerator.

Figure 2 depicts the focusing Helm-
holtz coils and the accelerating waveguide.
After the beam comes out of the accelera-
tor, it passes through a ceramic break
combined with a Bergoz FCT that pro-
vides beam-current monitoring. The end
of the ceramic break contains a 0.0006”
thick Ti window that allows the electron
beam to exit the vacuum system and in-
teract with the sample. A 75 1 s~ Midi-
Vac ion pump is connected to the
accelerator and deflector to maintain
vacuum for the system. Specifications of
the PULAF are given in Table 2. The de-
sired pulse widths from 10 ns to 3 ps with
a selection of five pulse widths of 20, 50,
100, 200 and 400 ns are produced by an
electrostatic deflector system, and pulses
as short as 8 ns FWHM with peak currents
of 1.1 A have been produced. Signals
from the torroid for long (3 ps) and short
(10 ns) pulses are plotted in Figure 3.

Detection system

The interaction of the electron beam with
the matrix creates free radicals which are
monitored by optical absorption using the
detection system supplied by LUZCHEM,
Canada. Currently, the accessible spectral
range is 220-750 nm and its specifica-
tions are given in Table 3. The detection
system uses a 175 W Cermax xenon lamp

as a continuum source, monochromator,
optical-fibre collecting system, Hamamstsu
microphotomultiplier and Tektronix oscil-
loscope.

The kinetics and transient spectra are
analysed using the Labview platform.
The software enables online analysis of
kinetics of formation and decay and the
time-resolved absorption spectra of the
transients at four different timescales using
the mLFP software provided by the manu-

facturer. The option of signal averaging
and off-line analysis of the kinetics and
spectra is also available.

The safety door interlock system was
developed at the NCFRR, without which
the LINAC machine does not fire the pulse.
The detection system was modified to
suit the pulse radiolysis requirements.
Both the systems are grounded separately
to reduce the EMI interference. A flow
system is designed for speedy absorption

175 W Cermax lamp - /5~

7 MeV Linear Accelerator

CVI Manochromator

PMIT

Hamamatsu
R7T400U-04

Figure 1.

Helmholtz Coils

Figure 2. The 7 MeV PULAF showing Helmholtz focusing coils, waveguide consisting
of 17 cavities, electron gun and deflector system.
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Schematic diagram of PULAF.

Deflector System
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measurements. The sample flow is regu-
lated by a solonide valve which releases
3 ml every time a pulse is fired. About
50 ml is adequate to measure the typical
spectrum from 270 to 700 nm with 10 nm
interval.

Kinetics

The rate of the reaction must be suffi-
ciently fast and the radical concentration
sufficiently low (about 10~® mol dm™) to
avoid competing radical-radical recom-
bination. In the study of the reactions of
€aq, its decay is monitored, whereas in
the case of H*, *OH or O, the growth of
absorption transient formed as a result of
the reaction is measured. The concentra-
tion of the reactive solute is varied to
demonstrate that the pseudo first-order
rate constant is proportional to the solute

concentration, thus eliminating the error
due to the reaction of the primary radi-
cals with themselves or with solvent im-
purities.

Transient absorption spectra

After the successful installation of the
PULAF last year, certain benchmark
spectra were measured using the 50 ns
electron pulse width to check the repro-
ducibility and to optimize the parameters.

Thiocyanate radical anion: Aqueous so-
lutions of N>O-saturated KSCN (1 x 1072
mol dm™) are commonly used as dosi-
meter in pulse radiolysis due to their
simplicity and wide dose range. The hy-
droxyl radical oxidizes SCN™ ions to give
the (SCN)>™ radical. The absorption trace
(475 nm) and the spectrum of (SCN);~ are

Table 2. Specifications of PULAF

Parameter

Specification

Electron beam energy
Peak beam current @ 10 ns
Peak beam current @ 3 us
Beam diameter at exit window
Jitter in pulse
Pulse rate
Dose due to dark current
Pulse-to-pulse reproducibility
Energy spread
Exit window material
Modes of operation

Single shot

Multi-shots

Preset beam pulses
Pulse width
Pre-trigger delay
Sequential delay generator

7 £ 0.5 MeV
21 A
0.115A

2+0.5mm

+ 200 ps

37.5 to 250 pps in 12.5 pps steps
<1% of beam current

+1%

+0.5 MeV

Titanium

37.5 to 250 pps

10 to 250 pulses in steps of 10 pulses
10, 20, 50, 100, 200, 400 ns and 3 us
10 pus, 100 ps, 1 ms

Delay for shutter and oscilloscope

Table 3. Specifications of the detection system

Lamp
Monochromator
750 nm)
PMT Hamamatsu R-7400U

Rise time: 0.78 ns

PMT Power supply

Cermax 175 W parallel lamp (spectral range 200-1600 nm)
CVI 110 mm, ruled gratings, 1200 lines/mm (Spectral range 200—

- 04 (spectral range 185-850 nm)

Programmable, —1000 V

shown in Figure 4, and the dose rates at
different pulse widths from the 1reported17
molar absorptivity values are given in
Table 4.

Sulphate and bromine radical anions:
The transient absorption spectra of SO3~
and Br>” radicals (Figure 5) have been
measured by PULAF. The spectrum of SO}~
was taken using Nj-saturated 5 X 107
K;S,05 mol dm™ containing f-butanol
(0.3 mol dm73) to scavenge the OH radi-
cal at neutral pH. The Bry™ radical was
produced from pulse radiolysis of N,O-
saturated 5 x 1072 KBr mol dm™ solu-
tions at pH 1. The observed maxima obser-
ved at 450 and 370 nm for SO} and Br>~
radicals respectively, have molar absorpti-
vity values of 1230 and 11,000 dm’® mol™
em™, which are in reasonable agreement
with the 1rep01rted18’19 values of 1100 and
9900 dm® mol™ em™ respectively.

Hydroxycyclohexadienyl radicals: Among
organic systems, substituted benzenes are
one of the most extensively studied. The
‘OH radical has been known to react with
benzenes by addition” to the aromatic
ring forming various isomeric OH ad-
ducts. Our earlier work?® has been
concerned with the radiation chemical
oxidation of various substituted benzenes.
As an example, the time-resolved absorp-
tion spectra obtained from pulse radioly-
sis of N,O-saturated solutions of 1 X 107
m-chloronitrobenzene, corresponding to
its the OH adduct are shown in Figure 6.

Areas of research

The PULAF is being used by several res-
earchers from the University of Pune,
BARC and other universities and insti-
tutes. The areas pursued by some of the
researchers are briefly described here.

Table 4. Dose rates at different pulse
widths from reported molar absorptivity
values'’

Pulse width/ns Dose per pulse/Gy

Digitizer TDS 3032B 10 )
Bandwidth: 300 MHz, sampling rate 2.5 Gs/s 20 4
Software Supplied as an executable code in the form of compiled Lab-VIEW 50 17
application. The spectrometer software allows for full computer- 100 38
controlled data acquisition with PMT, including single shot and 200 52
multi-shot kinetics, time-resolved spectra. Off-line analysis soft- 400 56
ware allows extraction of kinetic and spectral information. 3000 144
602 CURRENT SCIENCE, VOL. 92, NO. 5, 10 MARCH 2007
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Figure 4. a, Decay trace of (SCN):". b, Time-resolved absorption spectra of (SCN);™ at (W) 0.5, (O) 10, (A) 40 and (V) 80 us after

the pulse; [solute] = N,O saturated KSCN (1 x 1072 mol dm™) solutions at neutral pH. Dose/pulse = 14 Gy.

Antioxidants

The BARC group has initiated work on a
class of antioxidants, which include amino
acids such as tryptophan and its deriva-
tives. Another research project by the
Pune University zoology group has been
concerned with the evaluation of the
antioxidant activity of an herbal antidia-
betic drug extract to determine the
ABTS" and COj radical scavenging ca-

Inorganic complexes

The rate constants and the spectra of the
transients following the reactions of oxidi-

zing and reducing radicals with polypridyl
ligands and their complexes with Ru and
Cu are measured, and further work with
other complexes is under way.

Organic sulphur compounds

Free radicals and radical ions derived
from sulphur-containing compounds have
been widely studied. Recently, it has been
shown® by us that oxidation in methonine
methyl ester occurs at the sulphur site.
On the other hand, in aryl-substituted
sulphur compounds, the benzene ring
acts as an additional site for the radical
attack, and the study on oxidation of N-
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carbobenzyloxy methionine has been car-
ried out using the PULAF.

Cinnamic acid derivatives

Cinnamic acid/cinnamate and its deriva-
tives form an interesting class of com-
pounds to examine the reactivity of
the *OH radical attack on the ring and the
substituent. The work carried out at
the BARC pulse radilysis facility has been
extended to the study of reactions of both
oxidizing ("OH, O*", N3 and SO3") and
reducing ("H and e,) radicals with a
large number of cinnamic acid derivatives
containing —OH, —OCHj3, —Cl1 or —NOs.
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Figure 5. a, Absorption spectrum of SO; at 0.5 us after the pulse; [solute] = N, saturated 5 x 1072 K»S,0s mol dm™ containing
t-butanol (0.3 mol dm™) to scavenge OH radical at neutral pH. Dose/pulse = 18 Gy. b, Time-resolved absorption spectra of Brs~ at pH
1 (m) 0.5 and (O) 10 us after the pulse. Dose/pulse = 10 Gy; [solute] = 5 x 1072 mol dm™®.
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Figure 6. Time-resolved absorption spectra recorded in the reaction of OH radical with
m-chloronitrobenzene (B) 2.5, (O) 40, (A) 200 and (V) 850 us after the pulse; [sol-
ute] = N,O saturated solutions of 1 x 10° m-chloronitrobenzene at neutral pH. Dose/

pulse = 14 Gy.

Derivatives of nucleobases

Recently, the MG University group car-
ried out detailed investigation29 of the
reactions of *OH radical with pyrimidine
derivatives, 5-azacytosine and 5-azacytidine
in aqueous medium using the PULAF.
Researchers desirous of availing the
PULAF can contact, along with a brief
research proposal, Dr Avinash Kumbhar,
Project Coordinator, NCFRR, Department
of Chemistry, University of Pune, Pune
411 007, India. e-mail: askum@chem.
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unipune.ernet.in.  Telephone:  020-
25601371/25690618, Mobile: 09890607871,
Fax: 020-25691728.
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